A wetting behaviour of Fe-C sample on carbonaceous materials has been extensively investigated to understand the liquid flow behaviour in lower part of blast furnace. The previous studies reported a large change in apparent contact angle in the initial contact period in the wetting between the Fe-C sample and the carbonaceous materials substrate. The carbon dissolution reaction and the interfacial morphology in the initial contact period would strongly affect the wetting behaviour in this period. To further understand the wetting behaviour between the Fe-C sample and the substrate, the effects of the carbon dissolution reaction on the wetting behaviour in the initial contact period must be considered. 4.26, 4 .90 mass% C samples were fabricated using a high-frequency induction heating furnace under an inert gas atmosphere. The graphite substrate was made from 99.90% pure graphite powder using a hot press furnace under an argon gas atmosphere. The wetting behaviour of the graphite substrate with molten Fe-C sample is investigated using a sessile drop method with a molten sample injection and quenching systems. The results shown that the apparent contact angles significantly decreased from the initial apparent contact angle. The carbon concentration of the carbon-unsaturated Fe-C sample gradually increased and reached the saturation after the 300 s of contact. The formation of concave was observed and developed in the initial contact period due to the transfer of carbon atoms into the carbon-unsaturated Fe-C sample. The wetting behaviour was dependent on interfacial energy of solid-liquid phases before the formation of concave. After the formation of concave, the wetting behaviour dominantly depended on interfacial morphology change.
Introduction
A low carbon operation in a blast furnace is a potential solution of suppressing CO 2 emissions. This solution means the coke ratio is decreased in the blast furnace operation. This action makes the coke layers thickness in the blast furnace to become thinner. This situation significantly decreases the gas permeability 1) because liquid ratio in the coke layer is relatively increased. This problem causes the blast furnace to perform unstably and inefficiently.
2)
To improve stability and productivity of the blast furnace with low carbon operation, increasing of the liquid fluidity, such as liquid iron and molten slag flows, in the lower part of the blast furnace is very important. 3, 4) It was recognized that the movement of liquid materials through the coke layer in the blast furnace is strongly affected by wetting behaviour of the melts on the coke. [5] [6] [7] [8] Therefore, study in the wettability of the liquid iron and the molten slag on the coke is important to estimate the liquid flow behaviour through the coke layers. The wetting behaviour of the liquid iron on the coke need to be considered a first step in understanding the wettability of the melts on the coke in this study. Besides, the molten slag has influences on the wetting behaviour of the liquid iron on the coke. 9) The molten slag affecting the wetting behaviour of the liquid iron on the coke will be considered in a future work.
The wetting behaviour of the liquid iron on the carbonaceous material substrates were investigated using the sessile drop method with a molten sample injection system in our previous works. 10, 11) These studies reported the large change in wetting behaviour in the initial period of contact. Carbon dissolution reaction and interfacial morphology in this contact period are possibility to be the main reasons to strongly influence the wetting behaviour between the liquid iron and the substrate. However, the previous studies could not sufficiently discuss the initial carbon dissolution reaction because a quenching system in the experimental method was not equipped.
Therefore, this study aims to estimate initial interfacial morphologies and carbon concentrations variations of Fe-C sample using a quenching system and to clarify effects of carbon dissolution reaction and interfacial morphology on wettability of liquid Fe-C sample on graphite substrate in the initial contact period.
Experimental Method
Liquid Fe-C sample wetting behaviour on graphite substrate was evaluated in the initial contact period of 300 s by a quenching system. To determine the apparent contact angles and the initial interfacial morphologies, the crosssection of the quenched samples were observed.
Experimental Materials
99.90% pure iron and 99.90% pure graphite powder were used to make two kinds of Fe-C samples, carbon saturated and unsaturated iron samples, in a high-frequency induction heating furnace under an argon gas. Table 1 shows the carbon concentrations of the Fe-C samples. These values were confirmed by a carbon sulfur analyzer (EMIA-320V2, Horiba Scientific Co., Ltd.). The details of experimental procedure can be found in our previous study. 10) 99.90% pure graphite powder with grain sizes of under 45 μm was prepared as graphite substrates material. A graphite heating-element hot press furnace (FVPHP-R-3, Fuji Dempa Kogyo Co., Ltd.) can make a shape of the substrate with a constant pressure of 3 MPa under 99.99% pure argon gas atmosphere. The powder was placed in a graphite die with dimension of 20 mm × 20 mm and set it into the graphite heating-element hot press furnace. The furnace was heated to 1 873 K with heating rate of 0.25 K/s (15 K/min) and held for 14 400 s (240 min) at this temperature. To uniform the surface roughness of the substrates, all of them were polished with #3000 emery paper. The density of the graphite substrate is controlled to be 1.797 g/cm 3 as similar as our pervious study.
11) Figure 1 shows image of polished graphite substrate. Figure 2 shows a schematic illustration of experimental apparatus to obtain quenched samples in the initial contact period. The main parts of the apparatus consists of an upper part and a lower part. The upper part, a sessile drop method with molten sample injection system, consists of an alumina pushing bar, an alumina funnel, and a substrate stage. The distance between the substrate stage and the injection system is 10 mm. The lower part is a quenching chamber where allows the sample to rapidly quench with cooling rate of 16.7 K/s (1 000°C/min) under an inert gas atmosphere.
Experimental Procedure
To evaluate the wetting behaviour of the Fe-C samples on the graphite substrate, 1.5 g Fe-C sample particles with grain sizes of 1-2 mm, which were cracked from the solid Fe-C sample with diameter of 4 mm, were placed in the alumina funnel. The funnel is in the upper part. The upper part reached the temperature of 1 673 K with heating rate of 5 K/s (300°C/min) using the infrared heating furnace (VHT-E64, ULVAC-RIKO Inc.,). Atmosphere of the furnace was 99.99% purity argon gas with flow rate of 8.3 × 10 − 6 m 3 /s (0.5 l/min). After holding for 300 s for isothermal at 1 673 K, the molten Fe-C sample was injected from the alumina funnel by pushing the alumina bar onto the graphite substrate. After the elapse of a predetermined time, the sample was quickly moved down to the quenching chamber made by stainless steel for terminating the carbon dissolution reactions at each predetermined period at 1 673 K. The wall of it is cooled by circulating water. Inside of the quenching chamber was also maintained as the inert gas atmosphere by flowing 99.99% purity argon gas with flow rate of 8.3 × 10 − 6 m 3 /s (0.5 l/min). The quenched sample was carefully took out from the chamber and mounted the whole part of the sample into the resin, then cut at precise center of the Fe-C sample. The cross-sections of the first half of the samples were polished with 1 μm diamond paste. It was used to observe interfacial morphology between the Fe-C sample and the substrate and to measure the apparent contact angles with optical microscope. From the results of the apparent contact angles measurement, the wetting behaviour of the Fe-C sample on the substrate in this period can be estimated. For carbon concentration measurement of the Fe-C samples, the Fe-C sample was carefully separated from another half of the embedded sample. Carbon residue was carefully removed from the Fe-C sample bottom part where is contact region with substrate after separation. Finally, the Fe-C sample was cracked into particles with average grain sizes of under 1 mm for carbon concentration measurement of the Fe-C droplet using a carbon sulfur analyzer (EMIA-320V2, Horiba Scientific Co., Ltd.).
Results and Discussion

Apparent Contact Angles between Fe-C Sample
and Graphite Substrate in the Initial Contact Period Images of cross-sections of the iron/graphite assemblies are shown in Fig. 3 . A small particle is observed on the surface of Fe-C sample as shown in Fig. 3 . The small particle may be forming during the solidification process. In this study, assuming that effects of the small particle formation on the wettability measurement are negligible. To evaluate the wetting behaviour in the initial contact period, the apparent contact angles were measured from these images. Figure 4 shows the variations of apparent contact angles of each different initial carbon concentrations the Fe-C samples with time at 1 673 K. The contact angle values were calculated from 3 measured contact angles for each value. The length of error bar means that the error in the measurement is ± 1°. The results show that the apparent contact angles significantly decrease with time in the initial contact period. The apparent contact angles increase with increasing of the initial carbon concentrations of the Fe-C sample.
The trends of the apparent contact angles with time in this study agree well with previous studies. [10] [11] [12] [13] In our previous studies, the apparent contact angles values at 1 673 K decreased during the initial contact period from 120, 123, 125° to 87, 90, 105° of Fe-3.70, 4.26, 4.90 mass% C samples, respectively. 10, 11) And, the apparent contact angles also increased with increasing of the initial carbon concentrations of the Fe-C sample.
11) The difference in apparent contact angle values of two methods occurred due to the change in volume in the solidification process. However, this difference is within several degrees. The effect of volume change on the apparent contact angle results would be neglected. Therefore, the sessile drop method with molten sample injection and quenching systems is possibility to evaluate the wetting behaviour of the Fe-C sample on the substrate in the initial contact period. In order to evaluate changes in concave morphology with time in the initial contact period, the volume of concave was estimated. The volume of concave can be calculated using Eq. (1) with assumption that the concave morphology is a spherical cap.
Interfacial Morphology
where V (m 3 ) is the volume of the sphere cap. H (m) is the height of the cap, and R (m) is a radius of the base of the cap, as shown in Fig. 8 .
The value of H is assumed to be the largest distance between the surface of concave and the base of Fe-C sample. The value of R is the radius of the base of Fe-C sample. The base of the Fe-C sample is defined as a circle of the triple line remaining on the plane of the substrate. H and R values are given in Table 2 . The concave volume variation with time of the carbon-unsaturated Fe-C samples wetting on the graphite substrate are plotted in Fig. 9 .
The results show that the concaves volume increase with time in the initial contact period. Carbon atoms continually transfer into liquid Fe-C sample in the initial contact period, which cause the volume of concaves to increase gradually. Additionally, the volume of concave in the wetting of Fe-3.70 mass% C sample on and the graphite substrate is larger than that of Fe-4.26 mass% C sample. The difference of the carbon dissolution amount transferred into the liquid Fe-C sample would be one of the main reasons. The carbon adsorption capacity decreases with increasing of the initial carbon concentrations of Fe-C sample. Therefore, the initial carbon concentration of Fe-C sample is the main factor to cause the difference of the carbon dissolution amount in the wetting the Fe-C samples on the graphite substrate at the same temperature under the inert gas atmosphere. Table 3 . (mass%) are the carbon concentration in Fe-C sample at time of t 1 and t 2 .
Effect of Carbon Dissolution
At the moment of time 0, the carbon concentration of Fe-C samples are measured as 3.93 and 4.31 mass% C by the carbon-sulfur analyzer, which increase from the initial values of 3.70 and 4.26 mass% C, respectively. In this study, the time 0 included movement of the iron/graphite assembly down to the quenching chamber and solidification of the liquid Fe-C sample. Carbon atoms are possibility to transfer into the molten Fe-C sample during these processes.
Even though the carbon dissolution reactions occur in these periods, the interfacial morphologies between the Fe-C samples and the substrates remained almost flat surface, as shown in Figs. 5(a), 6(a), and 7(a) . Therefore, the Young's equation (Eq. (3) ) can be applied in this case. The interfacial energy of liquid-vapour phases is referred from literature value to be 1.73 J/m 2 . 16) Carbon content of Fe-C sample has not influence on the interfacial energy of liquid-vapour because carbon atoms are not surface-active elements for the pure liquid Fe-C sample. 17, 18) The value of solid-vapour phases interfacial energy is calculated by Eq. (4). In this case, the interfacial energy between solid and vapour is a combination of the interfacial energy of graphite component in the substraste and vapour. The interfacial energy between pores and the vapour is neglected. 10) p (%) is the void ratio of the surface of the substrate, which is controlled to be 20.5% as same as our previous work.
11 ) The value of solid-vapour phases interfacial energy, calculated by Eq. (4), is equal to 0.761 (J/m 2 ). Substituting the values of solid-vapour interfacial energy and liquid-vapour interfacial energy into Eq. (3), the values of the initial interfacial energy of solid-liquid phases were obtained and given in Table 4 . Figure 10 shows relationship between the initial carbon concentrations of the Fe-C samples (Fe-3.70, 4.26, and 4.9 mass% C samples) and apparent contact angles at time 0, called initial apparent contact angles. The initial apparent contact angle increases with increasing of the initial carbon concentrations of the Fe-C sample. According to Eq. (3), the initial apparent contact angle is only dependent on the initial interfacial energy of solid-liquid phases. Because the interfacial energy of solid-vapour remains constant and the interfacial energy of liquid-vapour phases is independent on the carbon concentration of the Fe-C sample.
Therefore, the differences of the initial apparent contact angles can be explained on the varied interfacial energy of solid-liquid phases due to change in the amount of carbon dissolution. Figure 11 shows the relationship between the initial interfacial energy of solid-liquid phases and the amount of carbon dissolution. From this result, the interfacial reaction causes the interfacial energy of solidliquid phases to change. The initial interfacial energy of solid-liquid phases decreases with increasing of the carbon dissolution amount.
Effect of Carbon
Dissolution on the Apparent Contact Angles in the Wetting of the Carbon-unsaturated Fe-C Sample on the Graphite Substrate The carbon concentrations variation of the Fe-C samples with time were measured using the sulfur-carbon analyzer and plotted in Fig. 12 . The results show that the carbon concentrations in all Fe-C samples increase in the initial contact period. The carbon concentrations in the carbon-unsaturated Fe-C samples gradually increase and reach saturation after contact period of 300 s. Figure 4 shows the apparent contact angle decreases with time in the initial contact period. In this period, the carbon concentration of the Fe-C sample increase with time, as shown in Fig. 12 . The results show that the carbon concentrations of the Fe-C samples increase due to carbon atoms transferred into the liquid Fe-C samples which would be driving force for the apparent contact angles variation.
In order to understand effect of interfacial energy of solidliquid phases on the apparent contact angles, the values of interfacial energy of solid-liquid phases are estimated. Due to the formation of concave in the contact between the carbon-unsaturated Fe-C sample and the graphite substrate, the Neumann's equation as Eq. (5) is applied to calculate the interfacial energy of solid-liquid phases. 10, 19, 20) The initial interfacial energy of solid-liquid phases values in the initial contact period are calculated using Eq. (5). where γ SL , γ SV , and γ LV (J/m 2 ) represent the interfacial energies between solid-liquid, solid-vapour, and liquid-vapour phases, respectively. The dihedral angles θ V , θ L , and θ S are formed by the planes tangent to the interfaces, as shown in Fig. 13 . The values of the dihedral angles were measured from the cross-sectional images of the quenched samples, as shown in Figs. 5 and 6, and listed in Table 5 . As mentioned before, the interfacial energy of solid-vapour was calculated using Eq. (4) Table 5 . Dihedral contact angles in wetting of carbon-unsaturated Fe-C samples on graphite substrate.
Time (s)
Fe-3.70 mass% C sample Fe-4.26 mass% C sample energy of liquid-solid phases is almost constant when the formation of concave occurs. There is no effect of carbon dissolution on the interfacial energy of liquid-solid phase when the concave is formed. The apparent contact angle is varied because carbon dissolution reaction creates the concave. Meanwhile, before the formation of concave, the interfacial energy of solid-liquid phases decrease. The interfacial energy of solid-liquid phases decreases from the initial values of 1.562 and 1.678 J/m 2 given in Table 4 to the constant values of 0.79 and 0.78 J/m 2 which are shown in the Figs. 14 and 15, respectively. The decreasing of the interfacial energy of solid-liquid phases would be driving force for the apparent contact angle variation. Therefore, during the initial contact period, the apparent contact angles would depend on interfacial energy of solid-liquid phases before formation of concave. After the formation of concave, the apparent contact angles depend on concave morphology changes due to carbon dissolution reaction process.
Effect of Carbon Dissolution on the Apparent Con-
tact Angles in the Wetting of Carbon Saturated Fe-C Sample on the Graphite Substrate For the carbon saturated Fe-C sample, the Fe-C samples are observed to spread on the flat surface of the substrate in the initial contact period, as shown in Fig. 7 . Any changes of concave geometries are not obtained in the wetting between the carbon saturated Fe-C samples and the substrates at 1 673 K. In this case, the amount of carbon dissolution is small enough to keep flat surface of the substrate and is large enough for varying the solid-liquid interfacial energy. In this case, Laurent reported that the driving force of wetting can be described by Eq. (6).
14)
Where f d (t) is driving force of wetting, Δγ (t) (Δγ (t) = γ γ SL t ( ) − SL o ) is the variation of the solid-liquid interfacial energy due to the dissolution reaction, ΔG(t) is the variation of Gibbs energy per unit area released by the dissolution reaction at interface, and θ (t) is initial apparent contact angle. γ°S V , γ°S L , γ°L V denotes the values of interfacial energy of solid-vapour, solid-liquid, and liquid-vapour phases before the reaction, respectively.
Assuming that Capillary equilibrium is maintained at the triple line, so that f d (t) = 0. From the Eq. (6), instantaneous apparent contact angle is calculated by Eq. (7). where θ° is the equilibrium apparent contact angle without the dissolution reaction between liquid phase and substrate, as shown in Eq. (8) . These results of apparent contact angle variation can be interpreted using this Aksay's model 21) with only effect of reaction on interfacial energy. In the contact between the carbon saturated Fe-C sample and the graphite substrate, the interactions are assumed to be weak reactivity. The varied energy of system arising from reaction between liquid phase and the substrate is negligible to contribute to the driving force of the wetting. 22) Therefore, the last term of the right hand side of Eq. (7) can be neglected. Equation (9) is obtained from Eq. (7) According to Eq. (9), the apparent contact angle only depends on the interfacial energy variation. The carbon dissolution amount is enough to decrease the interfacial energy of solid-liquid phases which causes the apparent contact angle to decrease in the wetting between the carbon saturated Fe-C sample and the graphite substrate.
The carbon atoms can transfers into the Fe-C sample even though the Fe-C sample is saturated at 1 673 K. This reaction was continued from observation results of the interfacial region between the saturated Fe-C samples and the substrates in our previous study. 11) In the previous study, intrusion of iron in the substrates after contact period of 1 800 s was observed. In other words, carbon atoms dissolved into the Fe-C sample at high temperature due to the carbon dissolution reaction, which led to the appearance of the region for occupancy of the liquid Fe-C in the substrate. In this study, Fig. 16 shown the intrusion of the liquid Fe-C in the substrate. Therefore, the carbon dissolution reaction was continued. On the other hand, the carbon concentrations of the Fe-C samples in the contact between the carbon saturated Fe-C sample and the graphite substrate were measured. After 300 s of contact period, the carbon concentration of the carbon saturated Fe-C sample is a little higher than the carbon saturation value of 4.90 mass% C at 1 673 K. Oversaturation may occur at the interface and/or other region in the Fe-C sample from metastable state. In other words, some regions in the Fe-C sample are possibility to contain higher carbon content than that of saturation value at the experimental temperature. This issue should be addressed in a future work.
The interfacial energies of solid-liquid phases are calculated using Eq. (3) and the amounts of carbon dissolution were calculated using Eq. (2) . Figure 17 plotted relationship between the amount of carbon dissolution and the interfacial energy of solid-liquid phases in the initial contact period. The amount of carbon dissolution increases with time in the initial contact period. Meanwhile, the interfacial energy of solid-liquid phases decreases with time in this period, which is controlled by the carbon dissolution reaction.
From above discussion about carbon saturated Fe-C, the amount of carbon dissolution is possibility to have significant influence on interfacial energy of solid-liquid phases. The apparent contact angle depends only on the interfacial energy solid-liquid phases in the wetting between carbon saturated Fe-C sample and the graphite substrate. Thus, the apparent contact angle is indicated to be controlled by the amount of carbon dissolution which transfers from the substrate to the molten Fe-C sample.
Conclusions
The initial contact period plays one of the most important role in the wetting behaviour between Fe-C sample and carbonaceous materials substrate. In this study, this period in the wetting of the Fe-C sample on the graphite substrate was evaluated. Apparent contact angles in the wetting of the Fe-C sample on the graphite substrate were measured using the sessile method with a molten sample injection and quenching systems in the initial contact period of 300 s. With this measurement method, carbon concentration of the Fe-C sample and interfacial morphology can be estimated in the wetting between two phases during the initial contact period. The apparent contact angles were confirmed to monotonically decrease with time in this period. The concave geometries in the contact between the carbon-unsaturated Fe-C samples and the graphite substrate were observed, these concaves were developed with time in this period due to carbon dissolution process.
In the initial contact period of the carbon-unsaturated Fe-C sample wetting on the graphite substrate, the apparent contact angles depended on the interfacial energy of solid-liquid phases before the formation of concave. After the concave formation, the apparent contact angles dominantly depended on the interfacial morphology change due to carbon dissolution process because the interfacial energy of solid-liquid phases is constant.
In the wetting of carbon saturated Fe-C samples on the graphite substrate, the droplet spread on the flat surface of the substrate in the initial contact period. The carbon dissolution amount was enough to decrease the interfacial energy of solid-liquid phases which caused the apparent contact angle to decrease.
